Targeting myristoylated alanine-rich C kinase substrate phosphorylation site domain in lung cancer. Mechanisms and therapeutic implications. Abstract Rationale: Phosphorylation of myristoylated alanine-rich C kinase substrate (phospho-MARCKS) at the phosphorylation site domain (PSD) is crucial for mucus granule secretion and cell motility, but little is known concerning its function in lung cancer.
Cancer metastasis and drug resistance are the main reasons for the poor survival of patients with lung cancer. Standard treatment approaches are often associated with unsatisfying outcomes (1, 2) and alternatives to conventional treatment are in dire need. New molecular-targeted therapies, such as targeting the epidermal growth factor receptor (EGFR), have played a central role recently in lung cancer treatment. Two EGFR tyrosine-kinase inhibitors (TKIs), gefitinib and erlotinib, are currently used as first-line treatment options for patients with the EGFR mutation (3, 4) . Unfortunately, variable rates of responsiveness to this targeted therapy and the ability of lung cancer to develop resistance to these inhibitors has brought about new challenges in clinical practice (5, 6) . The development of novel biomarkers and effective therapeutic interventions are greatly needed.
Many cancers have activated phosphoinositide 3-kinase (PI3K)/AKT pathway, which is involved in promoting cell proliferation, survival, motility, and metabolism (7, 8) . Of note, PI3K signaling is frequently activated by receptor tyrosine kinases, such as EGFR, and eventually an overly activated PI3K/AKT signaling can confer drug resistance (9, 10) . Recent research has indicated inhibition of PI3K/ AKT signaling as a possible therapeutic target, but it remains unknown which cancer types will benefit most from such an intervention (11, 12) . An important function of PI3K is to synthesize phosphatidylinositol (3,4,5)-triphosphate (PIP3), resulting in AKT activation and the subsequent regulation of various biologic processes. Once the regulatory subunit (p85) of PI3K binds to phosphotyrosine residues on receptor tyrosine kinases and/or adaptors, the catalytic subunit (p110) is free to catalyze the phosphorylation of phosphatidylinositol (4,5)-bisphosphate (PIP2) to PIP3. However, it remains unclear how PIP2 is accessible to PI3K (13, 14) .
Myristoylated alanine-rich C kinase substrate (MARCKS) is a PIP2-associated protein through its phosphorylation site domain (PSD), also known as the basic effector domain. Phosphorylation by protein kinase C (PKC) within MARCKS PSD (Ser159, Ser163, and Ser170) enhances phosphorylated MARCKS (phospho-MARCKS) detachment from membrane and suppresses PIP2 sequestering effect (15, 16) . In the lung, MARCKS, predominantly phospho-MARCKS, is crucial for controlling mucin secretion and inflammation (17) (18) (19) (20) (21) , but only a few studies have revealed its relevance with lung cancer (22, 23) . Recently, our laboratory discovered that the use of a MANS peptide, targeting MARCKS N-terminal myristoylation site, was able to reduce lung cancer metastasis. However, the treatment had no effect on tumor growth in vivo (22) . Because the understanding of the contribution of MARCKS activity to lung cancer is incomplete, there is a need to test if other parts of MARCKS, especially the PSD motif, can be targeted for lung cancer treatment. In this study, we test this potential and elucidate the molecular basis of this potential.
Methods
Details are provided in the METHODS section of the online supplement.
Results

High Phospho-MARCKS Is Correlated with Poor Survival of Lung Cancer Patients and EGFR-TKI-based Therapy
We previously reported an association between elevated phospho-MARCKS (pSer159/163) and lung cancer malignancy (22, 23) . To expand on this previous finding, we retrospectively evaluated the relationship between MARCKS activity and overall survival of 195 lung cancer patients by immunohistochemical (IHC) staining. Consistent with our previous reports, phospho-MARCKS was very low in normal lung bronchi and staining was not detected when normal IgG was used ( Figure 1A ). Patient samples were further grouped into low and high phospho-MARCKS categories and their clinical characteristics are summarized in Table E1 in the online supplement. Importantly, the patients with high phospho-MARCKS levels had a significantly shorter overall survival as compared with the low phospho-MARCKS group (P = 0.015; log rank test) ( Figure 1B) . Additionally, to examine whether MARCKS becomes activated in response to chemotherapy, we assessed phospho-MARCKS levels in primary lung tumors from 52 patients who were concurrently receiving therapeutic agents (see Table E2 ). Strong phospho-MARCKS staining was observed in tumors from lung cancer patients undergoing EGFR-TKI-based therapy ( Figure 1C ) and was positively correlated (P = 0.021; Fisher exact test) ( Figure 1D ), as compared with chemotherapy other than EGFR-TKI.
Elevated Phospho-MARCKS Levels Support Lung Cancer Growth
Because a hallmark of cancer is an increase of growth rate, we investigated whether phospho-MARCKS (Ser159 and Ser163) has a role in growth and tumorigenesis. V5-tagged wild-type and PSD-mutated (S159/ 163A) MARCKS constructs were used to transfect into low MARCKS-expressing CL1-0 cells (see Figure E1A ) (22) . We observed an approximate threefold increase of colony-forming ability in cells with ectopic expression of V5-tagged wild-type MARCKS, as compared with the mock controls and cells transfected with PSDmutated MARCKS construct (Figure 2A ). In addition, silencing MARCKS expressions through the use of three independent MARCKS-specific short hairpin RNAs (MARCKS-shRNA-a, MARCKS-shRNA-b, and MARCKS-shRNA-c) in high MARCKS-expressing A549 cells (see Figure  E1A ) (22) had resulted in reducing cancer growth in a MARCKS expressiondependent manner (see Figure E1B) especially potent in reducing both MARCKS and phospho-MARCKS at the protein levels. These reductions were correlated with the suppression of clonogenic capacity of A549 cells by this shRNA ( Figure 2B ). These effects were also seen in various cancer cell lines with knockdown of MARCKS expression (see Figure E1C) .
To confirm that phospho-MARCKS promotes cell proliferation in vivo, a subcutaneous xenograft experiment was performed. As shown in Figure 2C , the average weight of tumors derived from MARCKS shRNA-silenced A549 cells was significantly smaller than that of unaltered control cells. Moreover, IHC staining revealed also the down-regulation of proliferating cell nuclear antigen, a proliferation marker, in MARCKSsilenced cells ( Figure 2D ). Because cell proliferation supports the development of drug resistance in cancer cells, we evaluated whether phospho-MARCKS could alter the sensitivity of lung cancer cells to EGFRTKIs. MARCKS-overexpression and -knockdown cell lines, CL1-0 and A549, respectively, were exposed to increasing concentrations of erlotinib for 72 hours. Data from MTS cell viability assays showed that erlotinib-mediated cytotoxicity was significantly enhanced in the cells with low phospho-MARCKS levels ( Figure 2E ). Taken together, these results reveal a novel function of phospho-MARCKS in supporting tumor proliferation and erlotinib resistance.
Activated MARCKS Modulates PIP3 Pools and Contributes to AKT Activation
AKT activation is recognized as a key player in cell survival and may account for erlotinib resistance (24) (25) (26) . To elucidate whether phospho-MARCKS can regulate AKT activation, we performed a shRNA silencing approach followed by reexpression of wild-type or PSD-mutated MARCKS to determine if knockdown activities are rescued by wild-type or PSDmutated MARCKS expression. As shown in Figure E2A , reexpression of the wild-type MARCKS could restore clonogenic abilities of silenced cells. Restorations in AKT phosphorylation both at Ser473 and Thr308 and its downstream GSK3-b activity were also seen in these silenced cells with overexpression of V5-tagged wild-type MARCKS, but not in cells transfected with PSD-mutated MARCKS ( Figure 3A) .
Because AKT activation occurs as a consequence of PIP3 generated on the plasma membrane (7), we examined PIP3 levels in these genetically modified cells. As shown in Figure 3B , a suppressive effect on PIP3 levels occurred in MARCKS-silenced A549 cells, whereas ectopic expression of V5-tagged wild-type MARCKS reversed this suppression and increased PIP3 pools. PI3K is known to catalyze the synthesis of PIP3 from PIP2. Unphosphorylated MARCKS has been reported to bind a significant fraction of PIP2 in the cell membrane (16) . Therefore, we then asked whether there could be an interaction between MARCKS and PI3K. Sequences analysis of the MARCKS protein revealed that MARCKS potentially binds to the SH3 domain of p85, a regulatory subunit of PI3K (see Figure E2B) . A coimmunoprecipitation assay further confirmed an association between MARCKS and PI3K in various lung cancer cell lines ( Figure 3C ). However, this interaction did not occur between phospho-MARCKS and PI3K, implying that MARCKS is disassociated from PI3K after its PSD motif is phosphorylated. These results led us to propose a model for the contribution of MARCKS PSD in regulation of PIP3 levels and AKT activation ( Figure 3D ).
MPS Peptide Treatment Has a Cancer-Specific Growth-Inhibitory Effect through Targeting MARCK PSD
According to the sequence of MARCKS PSD, we designed a 25-amino-acid peptide, termed the MPS peptide, to inhibit the functions of MARCKS PSD. As expected, treatment with MPS peptide reduced MARCKS phosphorylation in TKI-resistant cancer cells ( Figure 4A ); concurrently, a decrease of PIP3 pools in whole cell lysates of MPS-treated cells was observed ( Figure 4B ). Next, we confirmed the importance of serine residues present in the MPS peptide for its binding to the cell membrane by using peptides with substitutions at these serine residue sites (see Figures E3A and E3B ). As shown in Figure 4C , phosphorylation levels of MARCKS and AKT were repressed in MPS-treated cells but not in aspartatessubstituted MPS (Mut) peptide-treated cells. Furthermore, exposure to MPS peptide was demonstrated to dosedependently depress ERK1/2 MAP kinase activity (see Figure E3C ), which has been reported to be modulated by PI3K signaling (27) . Based on the molecular results, we examined whether the MPS peptide could serve as a cancer growth inhibitor. Six cancer cell lines and one normal epithelial cell line were treated with various doses of MPS peptide for 72 hours. Impaired cell viability was found in MPS-treated cancer cells but not in normal ones ( Figure 4D ). Similarly, we did not observe any cytotoxicity in normal human bronchial epithelial cells after treatment with various concentrations of MPS peptide (see Figure  E3D ). Of note, we found an obvious antiproliferative effect of the MPS peptide on various TKI-resistant cancer cells, including H1975, HCT116, H1650, and CL1-5 cells, all of which have either a PI3K CA (constitutively activated) mutation or loss of PTEN function (see Table E3 ). Consistent with the previous observations, the clonogenic abilities of drug-resistant cancer cells were repressed by MPS peptide treatment and this inhibition seemed to be concentration-dependent ( Figure 4E ; see Figure E3E ). Because we noticed some MPStreated cells displayed typical apoptotic morphology, we assessed the sub-G1 fraction via flow cytometry. We found a significant increase in the sub-G1 fraction of MPS-treated groups as compared with untreated or Mut-peptide-treated cells to a level of over 30% higher ( Figure 4F ). Additionally, Western blots revealed an MPS dose-dependent occurrence for both cleaved caspase-3 and PARP in these treated cells ( Figure 4G ). Our results suggest a strong cancer-specific suppressive activity of MPS peptide.
MPS Peptide Inhibits Lung Cancer Progression In Vivo
To determine the anticancer effect of MPS peptide in vivo, H1975 cells were injected subcutaneously into nude mice. Mice were randomly grouped and then received phosphate-buffered saline, Mut peptide, or MPS peptide for seven injections (21 d of treatment). As shown in Figures 5A and 5B, the MPS-treated group showed significantly reduced tumor growths, as compared with either the phosphate-buffered saline-treated or Mut-treated group. The average tumor weights were significantly decreased, from 0.69 g in the phosphatebuffered saline-treated group to 0.28 g in the MPS-treated group ( Figure 5B, right) . Specifically, IHC staining showed that both phospho-MARCKS and phospho-AKT levels were reduced in MPS-treated xenograft tumor sections ( Figure 5C ), in agreement with in vitro observations ( Figure 4C) .
We recently have shown that the MANS peptide, a 24-amino-acid peptide corresponding to the myristoylated Nterminus of MARCKS, had an effect in reducing lung cancer metastasis but not in tumorigenesis (22) . To further characterize the effect of these two peptides on tumor growth, we performed the treatment on subcutaneous xenograft tumors with these peptides. As expected, MPS peptide was very effective in the inhibition of tumor growth, whereas MANS and the control scramble RNS peptides were not ( Figure 5D ). Moreover, MPS treatment also showed a marked suppression of cell migration (see Figure E4 ). To determine whether the MPS peptide inhibits metastatic activities in vivo, we orthotopically inoculated highly metastatic PC9 cancer cells into the left lung of mice and examined the metastatic nodules of the right lung of mice that received various treatments for 28 days. Similar to MANS peptide (22) , MPS was very effective in suppressing lung cancer metastasis and the size of the tumor nodule in the inoculated lung lobe ( Figure 5E ). These data suggest that targeting MARCKS PSD with MPS peptide may be more potent than MANS in the control of lung cancer progression.
MPS Peptide Acts Synergistically with EGFR Inhibitor Erlotinib in Lung Cancer Treatment
Based on the previously mentioned findings, we presumed that cotreatment with MPS peptide may enhance drug sensitivity of EGFR-TKI-resistant cells. The erlotinibresistant cells were cotreated with various doses of erlotinib and 50 mM MPS peptide for 48 hours. MTS viability assays have shown that the combined erlotinib (0.5-5 mM) and 50-mM MPS peptide treatment resulted in a significant decrease of erlotinib IC 50 (half maximal inhibitory concentration) (see Figure E5A ). Likewise, we noticed an increase of floating or dead cells in lung cancer cells receiving erlotinib and MPS peptide cotreatment, compared with cells receiving erlotinib alone ( Figure 6A ). In particular, combination indices indicated a synergistic interaction between erlotinib and MPS peptide treatment in erlotinibresistant cells (see Figure E5B ; Figure 6B ).
To further investigate the synergistic effect of MPS peptide with erlotinib in vivo, we subcutaneously injected EGFR-TKI-resistant H1975 cells into nude mice and divided them randomly into several treatment groups. There was a significant amount of growth inhibition seen in the cotreatment of erlotinib and MPS peptide as compared with erlotinib alone after 12 days of treatment ( Figure 6C ). As indicated by Figure 6D , the combination of erlotinib and MPS peptide treatment led to the greatest reduction in tumor size and its weight. We also found an obvious reduction of proliferating cell nuclear antigen expression and increase of activated caspase-3 in these xenograft tumors with the combination treatment ( Figure 6E ). These results suggest the potential of using MPS peptide alongside with erlotinib for the cotreatment of lung cancer.
Discussion
MARCKS phosphorylation is thought to be involved in cell motility and exocytic vesicle release through actin cytoskeletal remodeling. Emerging evidence has suggested that phospho-MARCKS can specifically regulate cancer migration and metastasis (22, (28) (29) (30) (31) . Here, we show that elevated phospho-MARCKS (pSer159/163) is a predictor for poor outcomes and also correlated with EGFR-TKI therapy in lung cancer patients. Mechanistically, our results provide the first demonstration of phospho-MARCKS in promoting PIP3 pools and AKT activity as well as cancer growth. These findings have shown additional functions of phospho-MARCKS in cancer and extend its role beyond cell motility. Additionally, we have identified a peptide derived from the MARCKS PSD, the MPS peptide, as a potential therapeutic agent to block phospho-MARCKS-associated functions in lung cancer.
In clinical practice, most lung cancer patients with EGFR-activating mutations are treated with EGFR-TKIs. Unfortunately, most patients ultimately develop drug resistance and relapse (1, 5, 6) . Discovery of an alternative targeted therapy in addition to EGFR signaling inhibition would be extremely helpful for the treatment of lung cancers with EGFR-TKI resistance. In this work, we hypothesized that MARCKS signaling may potentially be an alternative pathway and act as a critical regulator for the crosstalk of signaling between EGFR and PI3K/AKT pathways. Initially, our clinical data indicated an association of increased phospho-MARCKS with shortened patient survival and EGFR-TKI therapy. Experimentally, we have shown that cells with elevated phospho-MARCKS levels are more resistant to erlotinib treatment. These results suggest the importance of phospho-MARCKS status as a good candidate for predicting the response of lung cancer to erlotinib treatment. Both in vitro and in vivo evidence concerning combined treatment of erlotinib with MPS peptide clearly supports the notion further that an inhibition of MARCKS phosphorylation may be able to reduce the occurrence of drug resistance. PI3K is well known to drive tumor progression through an activation of AKT, triggering a cascade of responses, including cell survival, proliferation, invasiveness, and motility (7, 24) . Although many ATPbinding site inhibitors have been generated for targeting various kinases (PI3K, AKT, and mTOR) (11) , it is important to consider alternative modes for pathway interruption. Reducing the availability of PIP2 to PI3K may represent a powerful approach to alter PI3K/AKT signaling, because PIP3 synthesis from PIP2 is a universal upstream step in PI3K signaling. Our studies provide evidence that is indicative of the fact that the PIP3 required for AKT activation is exclusively supplied after MARCKS phosphorylation. The 3 at the injected site, mice were randomly grouped for intraperitoneal injection, once for every 3 days with vehicle, Mut peptide (28 mg/kg), MPS peptide (28 mg/kg), or erlotinib (14 mg/kg) alone or together with MPS peptide (28 mg/kg). Tumor measurements were made every 3 days and data were presented as mean 6 SD (C, n = 5). *P , 0.05 as compared with erlotinib alone. After 21 days of treatment, the subcutaneous tumors were removed and weighed. Data were expressed as the mean 6 SE (D, n = 7). (E) Immunohistochemical staining of PCNA and activated caspase-3 in xenograft tumors as described in D. A representative image was shown and positive staining was quantified as mean 6 SD (n = 7). Scale bar: 50 mm.
coimmunoprecipitation assays revealed a unique interaction between MARCKS and PI3K, depending on the phosphorylation status of MARCKS. Moreover, shRNA knockdown of MARCKS and MPSmediated inhibition of MARCKS phosphorylation showed both a reduction in PIP3 pools and AKT phosphorylation. Particularly, MPS peptide is specific against MARCKS PSD and has been reported to not only directly attract PIP2 pools (32, 33) but also to be responsible for the downregulation of MARCKS phosphorylation (34, 35) .
Based on these observations, we speculated that phosphorylation within MARCKS PSD may contribute to the availability of PIP2 to PI3K. MARCKS unphosphorylated PSD motif can trap PIP2 and facilitate accumulation of PIP2 levels at the plasma membrane (32, 36) . Because of the binding of PI3K with unphosphorylated MARCKS, PI3K may be able to immediately catalyze PIP2 to PIP3 after MARCKS PSD motif is phosphorylated, which releases PIP2 pools ( Figure 3D ). On the other hand, higher levels of phospho-MARCKS may be an indicator that cellular PIP3 levels are increased, leading to the promotion of AKT-dependent and -independent activations, especially in cancer cells with PTEN loss or PI3K dysregulation. Overall, inhibition of MARCKS PSD activity, leading to a decrease in PIP2 recruitment and availability of PIP2 to PI3K, may lead to a promising strategy for cancer drug development.
MARCKS PSD has been shown to be crucial for the multifunctions of MARCKS, mediating its membrane binding and release, calcium-calmodulin binding, actin binding, and phosphorylation (37) . Many studies used MPS peptide (also termed ED peptide) to elucidate the role of MARCKS PSD (32, 33, 35, (38) (39) (40) . Yet, the pharmacologic function of MPS peptide has been investigated in only a few papers (34, 41, 42) . Our data indicate that MPS specifically inhibits the growth of a broad spectrum of cancer cells, whereas cytotoxicity did not occur in MPS-treated human normal cells, suggesting a cancer-specific suppressive activity.
Several possibilities may explain the mechanisms of how the MPS peptide can inhibit cancer progression and improve AKT-driven erlotinib resistance. First, the MPS peptide may trap PIP2 pools and compete with membrane-associated MARCKS for PIP2 binding because the MPS peptide has been previously confirmed to be inserted into the plasma membrane and directly interact with PIP2 (32, 33, 39) . Reduction in MARCKS-mediated PIP2 accumulation may impair the availability of PIP2 to PI3K leading to a decrease in PIP3 synthesis and subsequently resulting in down-regulation of AKT activation. Second, it is well documented that both PKC and calmodulin can associate with MARCKS PSD and result in the detachment of MARCKS from membrane, leading to PIP2 release (37) . There is a theoretical possibility that MPS peptide may interfere with the PKC-MARCKS and/or calmodulin-MARCKS interaction in addition to blocking the crosstalk of the previously mentioned signaling pathways, all of which are crucial pathways for cancer progression (43, 44) . Lastly, MARCKS is recognized to be a cytoplasmic component of motility signaling complex, so we considered that MPSmediated inhibition of cell migration may partly result from a decrease of phospho-MARCKS.
Previously, we had used a peptide against the N-terminus of MARCKS (the MANS peptide) to reduce lung cancer metastasis (22) . Compared with MANS peptide, MPS peptide can comprehensively suppress cancer growth and malignancy, whereas the inhibitory effect of MANS peptide was only on cancer metastasis. This result suggests that targeting MARCKS PSD may be more useful than targeting the myristoylation domain. This notion is consistent with a previous study showing that myristoylation of MARCKS is not required for many of the in vivo functions of MARCKS through the use of a nonmyristoylatable MARCKS in MARCKS-null mice (45) . MANS peptide could only repress some but not all of MARCKS signaling; in contrast, MPS peptide diminishes both PIP3 pools and phospho-MARCKS levels through specifically suppressing MARCKS PSD activity. Therefore, MPS peptide can trigger a variety of cellular responses, including the inhibition of cell growth, induction of apoptosis, restoration of cellular sensitivity to erlotinib, and a suppression of cell motility. These effects are preferentially induced in PTEN-deficient H1650 or PIK3CA mutant H1975 cells, suggesting that targeting PSD may be an effective therapy against human tumors characterized by elevated PIP3 levels.
PIP3 signaling has been documented to activate several proteins, such as PDK1 and P-Rex, which are AKT-independent and have been implicated in promoting cancer progression (46, 47) . Thus, it is possible that the suppressive effects of MPS peptide on cancer growth may also be through an inhibition of these AKTindependent signalings. Additional work is needed to clarify the importance between these AKT-dependent and -independent activations in cells after MPS peptide treatment. In addition, we have to point out the superiority of inhibiting MARCKS PSD activity by MPS peptide for cancer treatment over the use of PKC inhibitors because MARCKS PSD activity is targeted by PKC and Rho kinase (22) . However, for many years, the use of PKC inhibitors for cancer treatment had disappointing results in clinical trials. This is because of a large number of PKC isoforms and their diverse signaling effects (48) and various signaling crosstalks, which make the specificity of the inhibitor treatment difficult. To date, targeting the PKC pathways has been considered to narrow the inhibition to downstream mediators of PKCs. Phospho-MARCKS is known to be a convergent downstream among multiple PKC isoforms (22) ; thus, given our results, targeting the MARCKS PSD motif by MPS peptide, instead of PKC inhibitors, is an intriguing strategy for cancer therapy. Importantly, the in vivo data represent a unique step toward the potential application of a peptidebased therapy in cancer treatment and also provide a proof-of-concept basis for identifying additional small molecules that inhibit the activity of MARCKS PSD. n Author disclosures are available with the text of this article at www.atsjournals.org.
